A rapid purification of lactate dehydrogenase and glycolate oxidase from lettuce (Lactuca saliva) leaves is described. The kinetics of both enzymes are reported in relation to their possible roles in the production of oxalate. CH(0H2)COOH, and, as such, it is an a-hydroxyacid analog. The implication that glycolate oxidase is responsible for the in vivo synthesis of oxalate from glyoxylate is paralleled by similar considerations in the case of rat liver (15). On the other hand, mammalian lactate dehydrogenase (EC 1.1.1.27), which can catalyze the dismutation of glyoxylate to glycolate and oxalate (23), has been considered the main enzyme catalyzing the oxidation of glyoxylate to oxalate in leucocytes and erythrocytes (25) as well as in the cytosol of human liver and heart (11).
is proposed in which glycolate oxidase in the peroxisomes and lactate dehydrogenase in the cytosol are involved in the production of oxalate. The effect of pH on the balance between oxalate and glycolate produced from glyoxylate suggests that in leaves lactate dehydrogenase may function as part of an oxalate-based biochemical, pH-stat.
The enzyme glycolate oxidase (EC 1.1.3.1), which catalyzes the oxidation of short chain a-hydroxyacids, was first demonstrated in green leaves by Tolbert et al. (28) and shown to be a flavoprotein by Zelitch and Ochoa (31) . Originally, the enzyme was thought not to be capable of oxidizing glyoxylate, but Richardson and Tolbert (22) demonstrated that purified glycolate oxidase from a number of plants catalyzed the oxidation of glyoxylate to oxalate. It is assumed that the substrate is the hydrated form of glyoxylate CH(0H2)COOH, and, as such, it is an a-hydroxyacid analog. The implication that glycolate oxidase is responsible for the in vivo synthesis of oxalate from glyoxylate is paralleled by similar considerations in the case of rat liver (15) . On the other hand, mammalian lactate dehydrogenase (EC 1.1.1.27), which can catalyze the dismutation of glyoxylate to glycolate and oxalate (23) , has been considered the main enzyme catalyzing the oxidation of glyoxylate to oxalate in leucocytes and erythrocytes (25) as well as in the cytosol of human liver and heart (11) .
The demonstration by Betsche et al. (2) that some green leaves contain lactate dehydrogenase raises the possibility that it plays a part in the production of oxalate in leaves. In this paper, we examine this possibility and suggest that the oxidation of glyoxylate to oxalate involves the interaction of lactate dehydrogenase and glycolate oxidase. fl-mercaptoethanol (5 mM). Prior to homogenization, the mixture was deoxygenated by bubbling N2. After homogenization, the extract was squeezed through cheese cloth and centrifuged at 23,000g for 25 min. The supernatant was fractionated with (NH4)2SO4, the fraction precipitating between 25 and 55% saturation was collected by centrifuging (23,000g for 20 min), dissolved in 50 ml of Tris-HCl buffer (pH 8.0, 5 mM), and dialyzed against 5 L of the same buffer. The buffer was changed until no (NH4)2SO4 could be detected by Nesslers reagent. Any precipitate was removed by centrifuging at 32,000g for 10 min and the clear solution poured on to a DEAE-cellulose column (2.5 x 30 1m) previously equilibrated with the same buffer. When the extract had passed through the column, the column was washed with 50 ml of the buffer used for equilibration. The enzymes were eluted with a linear gradient of KCl (0-0.5 M) in 500 ml of the same buffer, and 5-ml fractions were collected. Glycolate oxidase emerged as a single peak followed by a single peak of lactate dehydrogenase.
MATERIALS AND METHODS
Purification of Glycolate Oxidase. The peak fractions were combined and dialyzed for 4 h against K-phosphate (pH 6.3, 50 mM) and any precipitate which formed was removed by centrifuging at 32,000g for 10 min. The clear solution was applied to a column (1.5 x 12 cm) of Sepharose-aminohexyl oxamate previously equilibrated with K-phosphate (pH 6.0, 50 mM). When the extract had passed through the column, the column was washed with a solution of KC1 (0.5 M) in the same buffer until pigments present in the extract had reached the bottom of the column. The pigments (and a small amount of glycolate oxidase) were removed by washing the column with 3 bed volumes of buffer without KCl. The enzyme was then eluted with glycine buffer (pH 8.5, 0.1 M).
Purification of Lactate Dehydrogenase. The peak fractions from the DEAE-column were combined and dialyzed for 5 h against K-phosphate (pH 6.8, 50 mM). The solution was clarified by centrifuging (32,000g for 10 min) and NADH (25 mg/100 ml) was added. The solution was then applied to a column (1.5 x 12 cm) of Sepharose aminohexyl oxamate, previously equilibrated with K-phosphate (pH 6.8, 50 mM) containing KC1 (0.5 M) and NADH (1 16 jtM). When 10 ml of extract had passed into the column, the column was washed with 30 ml of the equilibrating buffer. This procedure was repeated until all the extract had been applied to the column. After the final wash, the enzyme was eluted by omitting NADH from the buffer.
Affinity Gel. Immobilized Sepharose aminohexyl oxamate was prepared by the method of O'Carra and Barry (18 
RESULTS
Purification of Glycolate Oxidase and Lactate Dehydrogenase. The two enzyme activities were separated on DEAE-cellulose (Fig. 1) . The best separation was achieved when the fraction precipitating between 30 and 50%o saturation of (NH4)2SO4 was used, but a higher recovery of lactate dehydrogenase was achieved using a 25 to 55% (NH4)2SO4 fractionation. A high degree of further purification (36-fold for glycolate oxidase and 1,295-fold for lactate dehydrogenase) was achieved by affinity chromatography on Sepharose aminohexyl oxamate. We have previously used this material to purify lactate dehydrogenase from plants (21) , and its use for the purification of glycolate oxidase suggested itself from the report that N-octyloxamate is a strong inhibitor of mammalian glycolate oxidase (24) . The overall purification for both enzymes is given in Table I .
Gel electrophoresis of both purified enzymes indicated that they were homogeneous and no evidence for the presence ofisoenzymes was obtained. Occasionally, a small impurity has been noted in the preparation of glycolate oxidase. This impurity was readily removed by repeating the affinity chromatography step or by chromatofocussing, when the enzyme emerged at a pH of 8.0.
Properties of Glycolate Oxidase. Absorption Spectrum. The purified enzyme had an absorption spectrum essentially similar to that reported for the enzyme from spinach (10). The ratio E2f/E45o was 7.3 and the characteristic peaks of flavin mononucleotide disappeared when the enzyme was reduced by glycolate under nitrogen (Fig. 2) .
Kinetics. (a) The effect of pH on the oxidation of glycolate and glyoxylate is shown in Figure 3A . Tris and Bicine appear to inhibit both activities and the addition of flavin mononucleotide did not activate the enzyme.
(b) The effect of oxalate on the oxidation of glycolate and glyoxylate at pH 8.5 is shown in Figure 4 Table II. Properties of Lactate Dehydrogenase. The general properties of lactate dehydrogenase from lettuce leaves have been reported by Betsche (1). Here we are concerned with the properties of the enzyme in relation to its possible role in the production of oxalate.
(a) The oxidation of glyoxylate and reduction of NAD can be measured by the increase in A at 340 nm (Fig. 5) . The initial increase in absorbance was followed by a phase in which the absorbance was constant and fmally there was a slow decline. We interpret these changes as due to oxalate production and the simultaneous reduction of glyoxylate to glycolate. The decline in absorbance is, we suggest, due to the differential inhibition of the two reactions by oxalate as it accumulates in the cell. A fall in optical density is produced by the addition of oxalate, but we have no explanation for the apparent lag in the inhibition (Fig. 5) . The synthesis of oxalate throughout the period when the optical density was constant or even declining was shown by measuring the formation of [14CJoxalate from [1-CJglyoxylate (Fig. 5) .
(b) The effect of pH on the oxidation and reduction of glyoxylate is shown in Fig. 3B .
(c) The effect of oxalate on the oxidation and reduction of glyoxylate is shown in Figure 6 . Oxalate acts as a competitive inhibitor of the oxidation of glyoxylate and a weak noncompetitive inhibitor of glyoxylate reduction. The values for Km and Ki are given in Table II. 
DISCUSSION
Although plants can synthesize oxalate from oxaloacetate (3) and ascorbate (16), we are here only concerned with the synthesis from glycolate and glyoxylate. Tolbert's proposal (27) that the formation of oxalate may be due to the lack of substrate specificity of glycolate oxidase is consistent with the properties of the enzyme in a number of cases. For example, the glycolate oxidase of Oxalis pes-caprae oxidizes glycolate and glyoxylate at comparable rates and, moreover, the oxidation of glyoxylate is not inhibited by oxalate (17) . In other cases, the kinetic properties of glycolate oxidase do not favor a role in the-oxidation of glyoxylate. Tolbert (26) (20) . Presumably, the stereospecificity of leaf lactic dehydrogenase is the same as that of glyoxylic reductase and potato tuber lactic dehydrogenase (7, 14) , so that any involvement of lactic dehydrogenase in the glycolate-glyoxylate shuttle cannot be distinguished from the involvement of glyoxylic reductase.
A further aspect of the model deserves comment. It has been proposed (6) that lactate dehydrogenase plays a role in the control of pH in anoxic roots by producing lactate and so lowering the cytosolic pH to a point at which pyruvic decarboxylase becomes active and so shunts the metabolism towards ethanol production. The present model suggests that in some leaves lactate dehydrogenase may function in an oxalate based biochemical pH-stat. Under acid conditions, the production ofglycolate from glyoxylate is favored both by the equilibrium of the reaction, glyoxylate + NADH + H+ glycolate + NAD+, and the slightly acid pH optimum for this activity (Fig. 3B) .
Under alkaline conditions, the production of oxalate is favored both by the equilibrium and the pH optimum. This mechanism may explain the observation that excess cation uptake in Atriplex sp. leads to enhanced synthesis of oxalate (19) .
